Abstract. Flow cytometry was utilised to determine whether short-term (Day 1) or long-term hypothermic liquid storage (Day 5), or cryopreservation of boar spermatozoa (1) caused changes in plasma membrane phospholipid disorder (MPLD) and acrosome exocytosis (AE), indicative of an advanced stage of capacitation or acrosome status, and (2) facilitated or inhibited the induction of capacitation and the acrosome reaction. Merocyanine with Yo-Pro-1 and peanut agglutinin-fluorescein isothiocyanate with propidium iodide were used to identify MPLD and AE, respectively, in viable spermatozoa. The incidence of basal sperm MPLD and AE in fresh semen was very low (1.1 and 2.2%, respectively) and was increased (P < 0.05) only a small amount in Day 5 and cryopreserved semen (3-8%). Compared to no bicarbonate, incubation with bicarbonate increased MPLD, but the response was greatest (P < 0.05) in fresh sperm (52.3%) compared with Day 1 (36.6%), Day 5 (13.9%) and cryopreserved sperm (13.6%). Incubation with calcium ionophore A23187 increased AE in spermatozoa, but the response was less (P < 0.05) for fresh (34%) and cryopreserved (27%) semen than for Day 1 (45%) and Day 5 (57%) semen. In summary, hypothermic liquid storage and cryopreservation of boar spermatozoa did not advance capacitation or acrosome status in viable spermatozoa, but did alter their responses to induction of capacitation and the acrosome reaction.
Introduction
The use of artificial insemination in the swine industry has increased the rate of genetic progress for the producer . Genetic progress and reproductive efficiency could be further enhanced if boar semen fertility could be maintained at pre-storage levels after longterm hypothermic liquid or frozen storage. Current storage methods could be improved because the fertility of boar spermatozoa stored in liquid form decreases after between 1 and 5 days of storage at 15-17 • C (Johnson et al. 2000) and following cryopreservation (Johnson 1985) .
A better understanding of the effects of cooling and cryopreservation on capacitation and acrosome status may lead to improved methods of liquid storage and cryopreservation of boar spermatozoa. Many studies have shown that capacitation involves important structural and functional changes in the plasma membrane resulting in spermatozoa having a higher fusogenic state (Yanagimachi 1994; Harrison 1997) . The bicarbonate ion (BIC) has been established as an essential trigger for in vitro capacitation in many species acting through an adenylate cyclase effector pathway to induce hyperactivation and increase sperm plasma membrane phospholipid disorder (MPLD) (Harrison 1997) . Results of recent experiments indicate that during cooling, spermatozoa may undergo changes that are similar to those elicited during in vitro capacitation. For example, during cooling spermatozoa undergo changes in chlortetracycline fluorescence, shifting from the 'F' to 'B' pattern, and exhibit an increased intracellular Ca 2+ concentration similar to that found during artificially induced capacitation (Watson 1995 (Watson , 1996 Maxwell and Johnson 1997; Green and Watson 2001) . The disadvantages of the chlortetracycline technique for estimating the extent of capacitation and the acrosome reaction is that the technique is performed on fixed cells that can generate false positive data (Rathi et al. 2001) , and it has not been adapted successfully to flow cytometric measurement (Maxwell and Johnson 1997 ). An alternative approach to measuring capacitation has been the application of flow cytometry using a lipophilic dye, merocyanine-540 (Harrison et al. 1996a) . Merocyanine-540 is normally excluded from the plasma membrane, but is able to enter spaces between phospholipids of the exoplasmic leaflet when MPLD is initiated during blood clotting and apoptosis (Schlegel et al. 1993; Bevers et al. 1999) , and during BIC-induced capacitation (Harrison et al. 1996a) .
The acrosome reaction, an exocytotic process involving the plasma membrane and the outer acrosomal membrane, is physiologically induced by interaction with the zona pellucida and is sequentially and functionally linked to capacitation (Yanagimachi 1994; Harrison 1997) . The acrosomal status of a sperm population is of special interest because the number of spermatozoa showing the reaction has been positively correlated with the fertility of fresh boar semen (Herrera et al. 2002) and frozen bull semen Parkinson 1992, 1995) . The acrosome reaction in boar spermatozoa has been induced by various methods such as contact with zona pellucida extracts (Melendrez et al. 1994) , progesterone (Melendrez et al. 1994; Roldan and Vazquez 1996; Herrera et al. 2002) and calcium ionophore A23187 (Russell et al. 1979) .
The purpose of this study was to determine first whether hypothermic liquid storage or cryopreservation increase basal levels MPLD and acrosome exocytosis (AE) in viable spermatozoa, compared to spermatozoa in fresh semen, in a manner indicative of capacitation and the acrosome reaction, and second, whether these storage treatments facilitate or inhibit the induction of capacitation and the acrosome reaction in vitro. A flow cytometric procedure for measurement of merocyanine-540 fluorescence in boar sperm plasma membranes (Harrison et al. 1996a ) was used to determine basal and BIC-induced MPLD. A flow cytometric method was developed to identify basal and A23187-induced AE in viable boar spermatozoa utilising peanut agglutinin (PNA)-fluorescein isothiocyanate (FITC) similar to the methods reported in canine (Szász et al. 2000) and equine spermatozoa (Rathi et al. 2001) .
Materials and methods

Spermatozoa processing
The cross-bred boars used in this study were housed in a temperaturecontrolled boar facility and were on a weekly semen collection schedule. The sperm-rich fraction of the ejaculate was collected by the gloved hand method into disposable filtering bags (Minitube of America, Verona, WI, USA) contained in insulated plastic thermos cups pre-heated to 38 • C. Semen was held at 38 • C and transported to the laboratory 15-30 min after collection. An aliquot of semen was diluted with an equal volume of Beltsville Thawing Solution (BTS) (Minitube ofAmerica) and the sperm concentration was determined spectrophotometrically (SpermaCue TM , Minitube of America).
Prior to analysis, spermatozoa were isolated from semen constituents and extenders by one of two methods. For the first method, washing, 2 mL of raw semen were extended to 12 mL with 10 mL of a modified Tyrode's medium (Harrison et al. 1996a ) that excluded BIC, CaCl 2 and bovine serum albumin (BSA). The spermatozoa were washed twice, with centrifugation at 800g for 10 min, and resuspended in 2 mL of the same medium. For the second method, Percoll isolation, an aliquot of 150 × 10 6 cells mL −1 in 3 mL of BTS was isolated by centrifugation for 5 min at 200g followed by 15 min at 1000g through a two-step discontinuous gradient of 35% (4 mL) and 70% (2 mL) isotonic Percoll ® (Harrison et al. 1992) . The isolated spermatozoa were diluted to a suitable concentration (5-50 × 10 6 cells mL −1 , depending on experimental requirements) in modified Tyrode's medium.
Cryopreservation
The cryopreservation protocol was based on one published previously (Almlid and Johnson 1988) . Semen was extended with an equal volume of BTS and cooled slowly to 17 • C for 3 h. After cooling to 17 • C, the spermatozoa were isolated from seminal plasma and extender by centrifugation (800g for 10 min) and resuspended in a cooling extender composed of 11% lactose (w/v) and 20% chicken egg yolk (v/v) in millipore pure water to a sperm concentration of 1.5 × 10 9 mL −1 . The spermatozoa were cooled slowly to 5 • C for 1.5 h and diluted with a half volume of freezing extender, the cooling extender containing 9%, v/v, glycerol (Sigma Chemical Co., St Louis, MO, USA) and 1.5%, v/v, Equex STM Paste (Nova Chemical Sales, Scituate, MA, USA), to a final sperm concentration of 10 9 sperm mL −1 . French-type 0.5-mL straws (Minitube of America) were filled with the glycerolated sperm suspension and the contents of the straws were frozen in liquid N 2 vapour in a programmable freezer (IceCube 1810, Minitube of America). The freezer was programmed to cool straws from 5 • C to −5 • C at a rate of 3 • C min −1 , to hold at −5 • C for 1 min, and then to cool at a rate of 20 • C min −1 until straw contents had reached −125 • C. At that point, the straws were removed from the freezer and plunged into liquid N 2 . The contents of the straws were thawed by immersion in a 37 • C water bath (Cito Warm Water Thaw, Minitube of America) for 20 s. Analysis of motion parameters and other sperm characteristics were determined within 30 min of thawing.
Sperm motion analysis
The percentage of motile sperm was determined using a Hobson Sperm Tracker (Hobson Tracking Systems Ltd, Sheffield, UK) set for boar sperm analysis (Holt et al. 1996) using two-well MicroCell ® glass counting chambers (Conception Technologies, San Diego, CA, USA). Spermatozoa were extended to 30 × 10 6 mL −1 in BTS containing 0.3% BSA and warmed in a heating block for 30 min before analysis.
Spermatozoa viability
Sperm plasma membrane integrity (viability) was determined using the flow cytometric procedure developed previously (Garner and Johnson 1995) and the fluorescent stains SYBR-14 and propidium iodide (PI) (Sperm Viability Kit L-7011, Molecular Probes, Eugene, OR, USA). Samples were analysed on a Coulter Epics XL flow Cytometer (Beckman-Coulter Co., Hialeah, FL, USA) equipped with an argon laser operated at a wavelength of 488 nm and System II software to gate on 10 000 single sperm by forward and right angle light scatter. fluorescence was detected by the FL1 detector using a 525-nm band-pass filter, and red (PI) fluorescence was detected by the FL3 detector using a 620-nm band-pass filter. The regions representing SYBR-14 and PI were set manually. The cells positive for SYBR-14 and negative for PI were classified as viable.
Acrosome morphology
Spermatozoa (120 × 10 6 mL −1 in 100 µL of BTS) were stained with of Hoechst 33258 (1 mg mL −1 in water, final concentration, 16 µm) and fixed with 1 µL of 0.5% glutaraldehyde solution in BTS (final concentration, 0.005%). Spermatozoa were transferred to a glass slide and viewed immediately under a Zeiss Axioskop (Carl Zeiss Inc., Oberkochen, Germany) equipped with phase contrast optics, standard UV filter and a 63 × oil immersion objective. This fixation procedure terminated sperm motion without significantly changing plasma membrane integrity when compared to unfixed spermatozoa (data not shown).Acrosome morphology in viable (Hoechst 33258 negative) spermatozoa was classified as described previously (Pursel and Johnson 1974) .
Merocyanine 540/Yo-Pro-1 staining
The flow cytometric analysis of capacitation status was adapted from Harrison et al. (1996a) . Two Tyrode's based media were used for incubating sperm in non-capacitating or capacitating environments (Harrison et al. 1996a) . The basal medium excluded bicarbonate (TYR) and consisted of 116 mm NaCl, 3.1 mm KCl, 0.4 mm MgSO 4 , 0.3 mm NaH 2 PO 4 , 2 mM CaCl 2 , 5 mm glucose, 21.7 mm sodium lactate, 1 mm sodium pyruvate, 20 mm HEPES, 1 mm EGTA, 3 mg mL −1 BSA, 10 µg mL −1 phenol red and 50 µg mL −1 kanamycin. The capacitating Tyrode's medium differed from TYR only in that it contained 15 mm BIC with the NaCl content reduced to obtain a final osmolarity of 300 mOsm kg −1 . Pyruvate and BSA were added to both media on the day of use. Medium pH was 7.3-7.4 at 38 • C. A 5 mm stock solution of merocyanine-540 was stored at 5 • C in dimethylsulfoxide (DMSO) (Sigma Chemical Co.). A working solution was prepared on the day of the experiment at 1 : 100 in TYR (0.05 mm). A 0.1 mm solution of the impermeant nucleic acid stain Yo-Pro-1-iodide in DMSO (Molecular Probes) was prepared (1 : 10 of stock solution) for differentiating between live and dead sperm.
Aliquots (2 mL) of TYR and TYR with BIC were mixed with 1 µL of Yo-Pro-1 in separate 12 × 75 mm polypropylene culture tubes in a 38 • C dry block. Aliquots of 0.5 mL were transferred to additional tubes and 10 6 sperm were added at 5-min intervals. Sperm were incubated for 9 min after being flushed with 5% CO 2 and capped. Merocyanine-540 (5 µL) was added to each tube and flow cytometric analysis was performed within 2 min of addition. Green (Yo-Pro-1) fluorescence was detected by the FL1 detector using a 525-nm band-pass filter, and red (merocyanine-540) was detected by the FL2 detector using a 575-nm band-pass filter. The regions representing the four combinations of merocyanine-540 low and high fluorescence and Yo Pro-1 low and high fluorescence were set manually. Viable spermatozoa (low Yo-Pro-1 fluorescence) and low merocyanine-540 fluorescence were considered to be non-capacitated, and those with high merocyanine-540 fluorescence were considered to be capacitated or in the process of being capacitated (Harrison et al. 1996a; Gadella and Harrison 2000) .
Peanut agglutinin-fluorescein isothiocyanate/propidium iodide staining
The flow cytometric analysis of acrosome status utilised PNA-FITC (EY Laboratories, San Mateo, CA, USA) for analysis of AE and PI for analysis of cell death (Ashworth et al. 1995; Szász et al. 2000) . A 0.5-mL aliquot of spermatozoa suspension, 10 6 cells in TYR, was added to pre-warmed polypropylene 12 × 75 mm tubes (38 • C) and stained with 9 µL of PNA-FITC (final concentration, 2.7 µg mL −1 ) and 2 µL of PI (final concentration, 9.6 µm) in 500 µL. Initial testing showed that fluorescence reached a maximum by 2 min of staining. Green (PNA-FITC) fluorescence was detected by the FL1 detector using a 525-nm band-pass filter, and red (PI) was detected by the FL3 detector using a 620-nm band-pass filter. Four regions representing the four combinations of low and high intensity PNA-FITC and PI fluorescence were set manually. Viable spermatozoa (low PI fluorescence) with low PNA-FITC fluorescence had intact acrosomes and those with high PNA-FITC fluorescence were considered to be either undergoing AE or having completed the acrosome reaction (Rathi et al. 2001) .
Experiment 1
An experiment was conducted to determine the conditions required for A23187 induction of AE during a 30-to 60-min incubation period. Fresh semen from five boars was washed and resuspended separately into four tubes containing one of four treatments consisting of different concentrations of A23187 (µm) and CaCl 2 (mm) respectively: (1) 0 and 2; (2) 1 and 0; (3) 1 and 0.5; and (4) 1 and 2 in TYR. Spermatozoa were incubated at 38 • C and aliquots were removed at 15, 30, 45, 60, 75, 90, 105 and 120 min to determine the proportion of viable spermatozoa that acrosome reacted. The experimental design was a randomised complete block with boar as the blocking variable and a two-way treatment structure with the four incubation treatments and the eight repeated-measures in time.
Experiment 2
Because the acrosome reaction in vivo requires capacitation, an experiment was conducted to determine the impact of simultaneous treatment with BIC on the A23187-induced AE in boar spermatozoa. Fresh semen from six boars was washed and resuspended in TYR in a 2 × 2 factorial arrangement of BIC (0 or 15 mm) and A23187 (0 or 1 µm) and incubated for 60 min at 38 • C. The experimental design was a randomised complete block with boar as the blocking variable. Aliquots of spermatozoa were collected for determination of viability, motility, acrosome morphology and AE.
Experiment 3
An experiment was conducted to determine the impact of seminal plasma on basal and A23187-induced AE. Fresh semen from three boars was extended in TYR and divided into two parts; spermatozoa in one part served as a non-isolated control while spermatozoa in the second part were isolated from seminal plasma using the two-phase Percoll gradient procedure. Aliquots of semen with and without seminal plasma were resuspended in TYR containing either 0 or 1 µm A23187 and incubated at 38 • C. Samples were collected at 5, 30 and 60 min of incubation for determination of AE. The experimental design was a randomised complete block with boar as the blocking variable and a three-way treatment structure (a 2 × 2 assignment of treatments with three aliquots removed for analysis as repeated-measures in time).
Experiment 4
An experiment was conducted to determine the impact of egg yolk on basal and A23187-induced AE. Fresh semen of four boars was extended in BTS containing 20% egg yolk and divided into two parts; one part was a non-isolated control and in the other part spermatozoa were isolated from BTS and egg yolk using the two-phase Percoll gradient procedure. Aliquots of semen without and with egg yolk were resuspended in TYR containing either 0 or 1 µm A23187 and incubated at 38 • C. Samples were collected after 5, 30 and 60 min of incubation for determination of AE. The experimental design was a randomised complete block with boar as the blocking variable and a three-way treatment structure (a 2 × 2 assignment of treatments with three aliquots removed for analysis as repeated-measures in time).
Experiment 5
This experiment was conducted to investigate the effects of hypothermic liquid storage and cryopreservation on the basal levels of MPLD and AE, and to determine if experimentally induced capacitation and AE were enhanced or impaired. Seventeen ejaculates were collected from eight boars and extended in BTS. The extended semen of each ejaculate was divided into four parts and one of four treatments was assigned to each part in a randomised complete block design: (1) fresh, processed within 60 min of collection; (2) stored at a concentration of 150 × 10 6 sperm mL −1 at 17 • C for 24 h (Day 1); (3) stored at the same concentration and temperature for 120 h (Day 5); and (4) cryopreserved. Following treatment, spermatozoa were isolated from seminal plasma and extenders by centrifugation through a two-step Percoll gradient and then viability, motility, MPLD, AE and acrosome morphology were determined.
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Statistical analysis
Data were analysed using the mixed model analysis of variance procedure (Little et al. 1996) in the Statistical Analysis System software, release 8.02 (SAS Institute Inc., Cary, NC, USA). Analysis of motility, viability, MPLD, AE and normal apical ridge (NAR) utilised semen treatment as a fixed effect and some experiments included repeatedmeasures in time. The model diagnostics included determination of the correct covariance structure for analyses that included repeatedmeasures, testing for a normal distribution of error residuals, and testing for homogeneity of treatment variance (Little et al. 1996) . Analysis of variance was performed on data transformed to arcsine-square roots or after partitioning residual variance as required. Comparison of least-squares means was made by the lsmeans diffs procedure.
Results
Experiment 1
The effects of different treatment combinations of A23187 and Ca 2+ on the percentage of viable spermatozoa with AE are shown in Fig. 1 . The percentage of cells with AE was affected (P < 0.0001) by A23187 and Ca 2+ treatment, incubation time, and the interaction of treatment and incubation time. The basal level of AE, in the absence of either Ca 2+ or A23187, remained at ≤10% during the 120-min incubation period with no significant change over time. Acrosomal exocytosis in the presence of 1 µm A23187 increased (P < 0.05) progressively with time and essentially reached maxima at 120 and 60 min, respectively, for 0.5 and 2.0 mm Ca 2+ . These results established the basic test system for AE using 1 µm A23187 and 2.0 mm Ca 2+ .
Experiment 2
The effects of BIC and A23187 on viability, motility, AE and NAR morphology are shown in Table 1 . Viability during the 60 min incubation was not affected (P > 0.05) by the main effects of BIC and A23187 or their interaction. The presence of A23187 increased AE (P < 0.05), and decreased motility and NAR (P < 0.05). The presence of BIC alone or in combination with A23187 had no effect (P > 0.1) on AE, motility or NAR. Thus in subsequent experiments, TYR was the incubation medium for determination of basal and A23187-induced AE.
Experiment 3
The effects of seminal plasma and A23187 on AE are shown in Table 2 ; the main effects of A23187, incubation time, and their interaction were the only significant sources of variation. Basal AE (no A23187) was not affected by incubation time nor the presence or absence of seminal plasma (P > 0.05). Exposure to A23187 for 5 min had no effect on AE compared to the absence of A23187 (P < 0.05), but AE did increase (P < 0.05) after 30 min of incubation and reached 90% by 60 min. While seminal plasma was not a significant source of variation, A23187-induced AE in the presence of seminal plasma tended to be higher (interaction of seminal plasma and incubation time, P = 0.0633) at 30 min than in the absence of seminal plasma.
Experiment 4
The effects of 20% egg yolk on basal and A23187-induced AE are shown in Table 3 ; all of the main effects and their interactions were significant sources of variation. The presence of egg yolk in the incubation medium tended to increase the incidence of basal AE compared to no egg yolk, but the effect was not statistically significant. In the absence of egg yolk, A23187 increased AE after 30 min and continued to 60 min. The presence of egg yolk during incubation blocked the detection of A23187-induced increase in AE at the 30-and 60-min incubation times. The results of this experiment showed that egg yolk interfered with measurement of basal and A23187-induced AE.
Experiment 5
The effects of hypothermic liquid storage and cryopreservation on motility, viability and NAR are shown in Table 4 . Initial semen quality was good with motility, viability and NAR morphology averaging 73, 93.7 and 97.5% respectively. Semen storage treatment was a significant source of variation for all three variables, with cryopreservation having the greatest negative effect. Fresh and Day 1 stored semen were not significantly different with respect to motility, viability or NAR. Motility was maintained at ∼70% through Effects of calcium ionophore A23187 and CaCl 2 on the acrosome reaction in live spermatozoa as measured by flow cytometry using peanut agglutinin-fluorescein isothiocyanate (PNA-FITC) and propidium iodide in ejaculates of five boars (arithmetic least-squares means). Treatments were: 0 µm A23187 and 2 mm CaCl 2 (Ion−/Ca 2 mm, ); 1 µm A23187 and 0 mm CaCl 2 (Ion+/Ca 0 mm, ); 1 µm A23187 and 0.5 mm CaCl 2 (Ion+/Ca 0.5 mm, ); and 1 µm A23187 and 2 mm CaCl 2 (Ion+/Ca 2 mm, ). Tubes were incubated at 38 • C and aliquots were removed for analysis at 15, 30, 45, 60, 75, 90, 105 and 120 min. Sources of variation were treatment (P < 0.0001), incubation time (P < 0.0001), and the interaction of treatment and incubation time (P < 0.0001) for arcsine-square root-transformed data. a-f Means with different superscript letters differ significantly (P < 0.05).
to Day 5 of liquid storage, but was significantly decreased to 36.8% (P < 0.05) after cryopreservation. Normal apical ridge decreased (P < 0.05) from 97.8 to 93.2% between Day 1 and Day 5 of liquid storage; the changes were small, but consistent enough to be significant. Table 1 . Effect of calcium ionophore A23187 and bicarbonate treatments on the percentage of viable and motile spermatozoa, and on the percentage of viable sperm populations containing acrosome exocytosis and normal apical ridge morphology in ejaculates from six boars (least-squares means and s.e.m.) The residual variances for the variables motility, AE and NAR were partitioned into two groups for analysis of variance; groups 1 and 2 for 0 and 1 µm A32187 respectively. Sources of variation for viability were A23187 (P = 0.0644), BIC (P = 0.1101), and interaction of A123187 and BIC (P = 0.2523); motility were A23187 (P < 0.0001), BIC (P = 0.8337), and the interaction of A123187 and BIC (P = 0.8515); AE were A23187 (P = 0.0009), BIC (P = 0.3344), and the interaction of A123187 and BIC (P = 0.3531); and NAR were A23187 (P = 0.0018), BIC (P = 0.7203), and the interaction of A123187 and BIC (P = 0.7308). AE, acrosome exocytosis; BIC, bicarbonate ion; NAR, normal apical ridge 
Table 2. Effect of seminal plasma and calcium ionophore A23187 on the percentage of viable spermatozoa undergoing acrosome exocytosis (arithmetic least-squares means and s.e.m. for ejaculates of three boars)
Analysis of variance was performed on arcsine-square root-transformed data to model covariance structure. Sources of variation: seminal plasma (P = 0.0937), A23187 (P < 0.0001), interaction of seminal plasma and A23187 (P = 0.5508), incubation time (P < 0.0001), interaction of seminal plasma and incubation time (P = 0.0633), interaction of A23187 and incubation time (P < 0.0001), and three-way interaction (P = 0.0938)
Seminal plasma A23187 (µm) Incubation time (min) 5 3 0 6 0 No 0 6.4 ± 3.7 a 5.8 ± 2.8 a 5.6 ± 3.2 a 1 8.0 ± 3.5 a 77.3 ± 6.7 b 90.7 ± 2.0 c Yes 0 2.4 ± 0.8 a 2.8 ± 0.5 a 3.4 ± 0.9 a 1 4.0 ± 0.7 a 49.6 ± 12.9 b 90.8 ± 2.7 c a-c Means within a column or row with no superscript letter in common differ significantly (P < 0.05) by the least-squares mean difference procedure. Table 3 . Effect of 20% egg yolk in Beltsville Thawing Solution and calcium ionophore A23187 on the percentage of viable spermatozoa undergoing acrosome exocytosis (arithmetic least-squares means and s.e.m. for ejaculates of four boars) Analysis of variance was performed on arcsine-square root transformed data to model covariance structure. Sources of variation were egg yolk (P = 0.0108), A23187 (P < 0.0001), interaction of egg yolk and A23187 (P < 0.0001), incubation time (P < 0.0001), interaction of egg yolk and incubation time (P = 0.0005), interaction of A23187 and incubation time (P < 0.0001), and interaction of egg yolk, A23187, and incubation time (P = 0.0001) 
Basal and bicarbonate-induced capacitation
The effects of semen storage and BIC treatment on MPLD in viable spermatozoa are shown in Table 5 ; the main effects of BIC and the interaction of BIC and semen storage were significant sources of variation. Basal MPLD, in the absence 2.8 ± 0.4 ab 13.9 ± 1.7 e Cryopreserved 4.9 ± 1.1 b 13.6 ± 1.2 e a-e Means within a column or row with no superscript letter in common differ significantly (P < 0.05) by the least-squares mean difference procedure.
of BIC, was low in viable spermatozoa of fresh, Day 1, and Day 5 stored semen with means 1.1, 1.6 and 2.8%, respectively; MPLD from individual ejaculates ranged from 0.1 to 6.4%. Compared to fresh and stored semen, cryopreservation increased basal MPLD to a mean of 4.9% (P < 0.05); MPLD in thawed sperm from individual ejaculates ranged from 0.6 to 20.2%. The exposure of spermatozoa to BIC caused a significant increase (P < 0.05) in MPLD compared to no BIC in all semen treatments, but the mean response to BIC was less for the Day 1 storage (36.6%), Day 5 storage (13.9%) and cryopreserved (13.6%) semen treatments compared to the fresh semen (52.3%). The incidence of MPLD after BIC treatment of Day 1 stored semen was greater (P < 0.05) than that in the Day 5 stored and cryopreserved semen. The individual responses to BIC were quite variable for all semen treatments with MPLD ranging from 17.2 to 85.2, 6.5 to 64, 3.9 to 30.6, and 5.8 to 23.1%, respectively, for fresh, Day 1 stored, Day 5 stored and cryopreserved semen. Viability (percentage of Yo-Pro-1-negative sperm) was recorded following incubation (data not shown). Significant sources of variation were semen storage (P < 0001) and BIC treatment (P = 0.0015). Sperm viability was less after cryopreservation (62%) than for fresh semen and after liquid storage (85%) and did not differ significantly among fresh and liquid storage groups. The presence of BIC decreased viability in fresh and stored liquid semen by 6-8 percentage points, but had no significant effect on cryopreserved semen.
Basal and A23187-induced acrosome exocytosis
The flow cytometric dot-plots in Fig. 2 illustrate the distribution of viable and non-viable sperm with intact acrosomes and AE in fresh (Fig. 2a,b) and cryopreserved (Fig. 2c,d ) semen. Sperm samples were incubated at 38 • C for 30 min in the absence of A23187 (Fig. 2a,c) and presence of A23187 (Fig. 2b,d ) and then stained with PNA-FITC and PI. The photomicrographs in Fig. 3 were stained spermatozoa from fresh semen photographed in brightfield (Fig. 3a) and epifluorescence illumination (Fig. 3b) . The four spermatozoa in the photomicrograph illustrate the four staining patterns for PNA-FITC and PI. The sperm cell marked with an arrow in Fig. 3a did not take up either PNA-FITC or PI and was not visible in Fig. 3b . Such unstained spermatozoa, viable and with intact acrosomes, are located in quadrant 3 of the panels of Fig. 2 . The spermatozoa that accumulated PI to fluoresce red as the sperm cell in Fig. 3b are non-viable and acrosomeintact, and are localised to quadrant 1 in the panels of Fig. 2 . Spermatozoa with green fluorescence on the apical region of the sperm head and no red fluorescence such as the one in Fig. 3b are acrosome-reacted viable cells and are localised in quadrant 4 of the panels of Fig. 2 . The spermatozoa with green and red fluorescence, such as the one in Fig. 3b , are non-viable and acrosome damaged. In the case of the cells in quadrant 2 of Fig. 2a,c , the green fluorescence in 72.3 and 83.1%, respectively, of the non-viable cells would not be attributable to a true acrosome reaction because it is associated with a sub-population of non-viable cells in a sample that had not been treated with A23187.
The effects of semen storage treatment and A23187 on AE in viable spermatozoa are shown in Table 6 ; all the main effects and interactions were significant sources of variation. Basal AE (no A23187) after the 30-min incubation was low in viable spermatozoa of fresh and Day 1 stored semen, 2.2 and 4.0% respectively. The Day 5 storage and cryopreservation treatments increased basal AE to 8.1 and 7.6%, respectively, (P < 0.05) compared to fresh, but not Day 1, stored semen. Basal AE at 30 and 60 min of incubation for each semen treatment were not significantly different. In contrast to viable spermatozoa, basal AE was 70-98% among non-viable spermatozoa for all treatment combinations (data not shown). The exposure of spermatozoa to A23187 for 30 and 60 min increased AE for all semen treatments (P < 0.05), compared to no A23187. At 30 min A23187-induced AE in spermatozoa of fresh (34.2%) and cryopreserved (27.6%) semen did not differ; however, A23187-induced AE in Day 1 (45.4%) and Day 5 (57.0%) stored semen was higher (P < 0.05) than in fresh and cryopreserved semen. In semen incubated for 60 min A23187-induced AE was essentially complete (86-94%) in fresh, Day 1 storage and Day 5 storage semen, but the reaction to A23187 in the cryopreserved semen was less (P < 0.05) than in the other semen treatments with 72.7% of the spermatozoa showing AE.
Viability (percentage of PI-negative sperm) was recorded following incubation (data not shown). Semen storage (P < 0001), incubation time (P < 0001) and the storage by time interaction were significant sources of variation, but A23187 treatment was not (P = 0.1888). Sperm viability at 30 min for fresh, Day 1, Day 24 and cryopreserved semen was 91.7, 81.9, 74.8 and 54.4%, respectively, with significant differences among all storage treatments. Increasing the incubation time from 30 to 60 min decreased sperm viability in cryopreserved semen by 8.8 percentage points, but had no significant effect on fresh, Day 1 and Day 5 stored semen. 57.0 ± 5.8 f 88.5 ± 2.9 h Cryopreserved 0 7.6 ± 1.2 bc 11.1 ± 1.2 c 1 27.6 ± 2.6 d 72.7 ± 3.2 g a-h Means within a column or row with no superscript letter in common differ significantly (P < 0.05) by the least-squares mean difference procedure.
Discussion
The merocyanine-540 and PNA-FITC flow cytometric procedures were used to examine the effects of hypothermic liquid storage and cryopreservation on basal and induced MPLD and AE. These procedures are accepted markers for capacitation and the acrosome reaction in several species (Harrison et al. 1996a; Szász et al. 2000; Green and Watson 2001; Rathi et al. 2001; Colenbrander et al. 2003) .
Based on MPLD measurements in Experiment 5 there was little indication of major capacitation-like change in boar spermatozoa during hypothermic storage for up to 5 days or following cryopreservation. In contrast, results of other studies have led to suggestions that cooling results in a form of cryo-or pseudo-capacitation (Watson 1995) . Experiments using chlortetracycline have shown a shift in the fluorescence pattern from 'F'uncapacitated to 'B'capacitated during cooling (Maxwell and Johnson 1997; Green and Watson 2001) and following cryopreservation (Maxwell and Johnson 1997) . In addition, extended boar semen stored at 16 • C for 1 or 3 days contained increased numbers of chlortetracycline 'B'-stained spermatozoa compared to fresh semen (Mattioli et al. 1996) . However, the changes in the chlortetracycline fluorescence patterns are dependent on the concentration and distribution of intracellular Ca 2+ (Tsien 1989; Rathi et al. 2001) and changes found during cooling may reflect increased intracellular Ca 2+ and not capacitation. Differences in tyrosine phosphorylation patterns between cooling and BIC-induced capacitation (Green and Watson 2001) and the small increase in basal MPLD (Green and Watson 2001; H. D. Guthrie and G. R. Welchand, unpublished data) indicate that the effect of cooling in a variety of experimental conditions and cryopreservation do not cause changes in the plasma membrane (Watson 1996; Maxwell and Johnson 1997) that are analogous to BIC-induced capacitation in boar spermatozoa (Harrison et al. 1996a (Harrison et al. , 1996b Green and Watson 2001) .
Treatment of spermatozoa from fresh semen with BIC resulted in an overall increase in the number of sperm with MPLD. These results support the concept that sperm undergoing capacitation develop a high level of plasma membrane MPLD and increased fluidity that is required for the head membranes to become fusible (Harrison 1997; Gadella and Harrison 2000; Flesch et al. 2001) . In our study the MPLD response to BIC in comparison with fresh semen was found to decrease with length of hypothermic storage and following cryopreservation. Our results with long-term hypothermic liquid storage are similar to results of a previous study in which the MPLD response to BIC decreased in boar spermatozoa stored for 7 days at ambient temperature compared to a single day of storage (Harrison et al. 1996b) . In contrast to the relatively small variation in basal MPLD among semen treatments, the capacitation response to BIC varied widely between boars and ejaculates within boars in each semen treatment, especially for fresh and liquid semen storage.
The decrease in the ability of BIC to induce MPLD in spermatozoa during hypothermic storage for up to 5 days and after cryopreservation may be related to an irreversible decrease in plasma membrane fluidity or to lipid phase change during semen processing or cooling. Merocyanine-540 binds preferentially to the membrane in the liquid-crystalline phase with enhanced fluorescence intensity compared to membrane in the gel state (Williamson et al. 1983; Stillwell et al. 1993) . The relatively low penetration of merocyanine-540 into sperm plasma membranes following cryopreservation may be explained by the lipid phase transition from a random fluid to a crystalline gel state that boar spermatozoa experience with cooling from 30 • C to 5 • C (De Leeuw et al. 1990; Parks and Lynch 1992; Drobnis et al. 1993) . Thawed human sperm (Giraud et al. 2000) and lipid vesicles from thawed boar sperm (Buhr et al. 1994 ) also exhibit increased fluorescence polarisation anisotropy (decreased fluidity) compared to fresh sperm.
Another important accomplishment of this study was the development of a flow cytometric assay using PNA-FITC and PI for determination of basal and A23187-induced AE in viable spermatozoa using an approach similar to that for canine (Szász et al. 2000) and equine spermatozoa (Rathi et al. 2001 ). The assay is most efficient after centrifuging cells through a two-step Percoll gradient for extenders containing egg yolk because the egg yolk interfered with determination of basal AE and A23187-induced AE. Basal AE was quite low in fresh semen, and did not increase significantly in our test system during 2 h incubation in the absence of either A23187 or Ca 2+ . During the first 30 min of incubation in the presence of 1 µm A23187 and 2 mm Ca 2+ , AE increased at varying rates among boars and AE was essentially complete after 60 min (90% or more of PNA-FITC-positive spermatozoa).
The findings with regard to use of PNA-FITC in Experiment 5 showed that acrosomal status differed among semen storage treatments. Fresh and Day 1 stored semen contained very few spermatozoa in advanced stages of AE. Long-term liquid hypothermic storage and cryopreservation did advance the stage ofAE compared to fresh semen, but only a small portion of the viable sperm population appeared to be affected. While the AE response to A23187 at 30 min appeared to be hastened by a period of liquid storage compared to fresh semen, in contrast the AE response to A23187 at 60 min appeared to be delayed by cryopreservation.
The merocyanine-540 and PNA-FITC flow cytometric protocols for study of capacitated and acrosome-reacted spermatozoa may be useful in the prediction of fertility (Colenbrander et al. 2003) . High basal levels of MPLD and AE in untreated semen are believed to represent degenerative changes in the plasma membrane and acrosome structure (Colenbrander et al. 2003) , indicative of reduced longevity and lost capacity to fertilize respectively (Watson 1995) . The importance of measuring MPLD and AE in the viable portion of the sperm population is emphasised by the fact that most dead spermatozoa exhibit MPLD and AE, regardless of semen treatment. In the analysis of thawed boar spermatozoa, the capacitation and acrosome status in the viable subpopulation would be greatly overestimated if the contribution of the dead sperm was not excluded.
The response of spermatozoa to agents that induce capacitation or acrosome reaction may provide a means of predicting whether spermatozoa are capable of undergoing these essential physiological changes required for fertilisation. Fertility is achieved using hypothermic storage of liquid and cryopreserved semen. However, farrowing rate and litter size are reduced after long-term hypothermic storage (5 days) compared to short-term storage (1-2 days) (Johnson et al. 2000) , and after cryopreservation (Johnson 1985) . It remains to be determined whether MPLD using merocyanine-540 staining as an assay for capacitation status will be useful to predict sperm fertility of fresh or frozen semen. However, the sperm response to acrosome reaction-inducing agents has been investigated and was positively correlated with fertility in fresh boar (Herrera et al. 2002) and in frozen bull semen Parkinson 1992, 1995) and could be useful in predicting the fertility. An experiment is in progress in our laboratory to determine the extent to which basal and A23187-inducedAE are associated with spermatozoa fertility in fresh boar semen.
In summary, long-term liquid storage and cryopreservation of boar spermatozoa did not cause a dramatic increase in the numbers of viable spermatozoa showing advanced stages of capacitation or acrosome reaction status. Compared to fresh semen, hypothermic liquid storage and cryopreservation impaired the capacitation response to bicarbonate. While the acrosome reaction response to A23187 appeared to be hastened by a period of liquid storage, it was delayed by cryopreservation.
